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An array of anthropogenic pressures is affecting tropical ecosystems, posing major
conservation challenges for scientists, stakeholders and populations. Illegal cyanide
fishing is one of the major threats to Indo-Pacific coral reefs, targeting a multitude
of colorful species for the marine aquarium trade as well as large-sized groupers
and wrasses for the food fish trade. Ultimately, the continued use of this destructive
practice as oceans warm may overload tropical ecosystems and result in irreversible
ecological damage. Here we show that the impact of cyanide poisoning in an ornamental
tropical marine fish is magnified under increased temperatures. A sole pulse exposure
of 60 s to 50 mg L−1 of cyanide under current temperature (26◦C) caused substantial
mortality (50–100%) in eight species of Pomacentridae. The clownfish Amphiprion
ocellaris was the most resistant, especially medium-sized fish [average total length
and weight of 38 mm and 1.12 g; LC50 (95% CI) = 50.00 (46.76 − 53.24) mg L−1]
that showed shorter recovery times and higher survival rates (%) when compared to
small-sized ones [average total length and weight of 25 mm and 0.30 g; LC50 (95%
CI) = 28.45 (20.17 − 36.72) mg L−1]. However, when the most resistant size-class was
concomitantly exposed to a sub-lethal dosage of cyanide (25 mg L−1 instead of 50 mg
L−1) and ocean warming scenarios for 2100 (+3◦C and heat wave +6◦C), survival rates
(%) decreased to 60 and 20%, respectively, and recovery times increased in the worst
case scenario. Mortality outbreaks, as well as vulnerability to predation, will likely expand
in fish inhabiting coral reefs exposed to cyanide fishing unless stronger conservation
measures are taken in tropical reefs to limit this destructive practice now and in the
oceans of tomorrow.
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INTRODUCTION
Cyanide fishing, along with climate change, habitat destruction and pollution, is one of the major
threats to Indo-Pacific coral reefs. This highly destructive and illegal fishing practice has been
impacting coral reefs in this region since the 1970’s and mainly targets live reef fish to supply
premium markets (Burke et al., 2011). While some species illegally collected using cyanide attain
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top values for human consumption in Asian restaurants
(e.g., groupers and napoleon wrasse), others (e.g., clownfish,
surgeonfish, and angelfish) supply the multi-million dollar
industry of the marine aquarium trade, namely in the EU and
the United States (Barber and Pratt, 1998; Dee et al., 2014; Leal
et al., 2016). Fish from the family Pomacentridae are highly
targeted by fishers and dominate the trade (Green, 2003). Fishers
spray ornamental reef species using squirt bottles containing
concentrated cyanide solutions (1,400 to 120,000 mg L−1) that
often lead to coral and fish mortality (Jones and Steven, 1997;
Pet and Djohani, 1999; Cervino et al., 2003). Accurate exposure
concentrations are hard to calculate due to the different methods
employed, dilution effect in seawater, variability between fishers,
and lack of reports on this illegal practice. Laboratory assays to
test the effect of cyanide on marine life have used concentrations
ranging from a few micrograms to hundreds or thousands
of milligrams per liter (Rubec, 1986; Jones and Steven, 1997;
Cervino et al., 2003). To date, all efforts to effectively ban cyanide
fishing from Indo-Pacific coral reefs have been unsuccessful
(National Intelligence Council, 2016).
Cyanide (CN−) strongly affects the performance of marine
organisms and is known to cause cytotoxic anoxia via the
inhibition of the enzyme cytochrome c oxidase, preventing
mitochondria from using oxygen in the electron transport chain
and leading to metabolic acidosis due to lactate accumulation
(Coppock and Dziwenka, 2015). Tropical reef fish exposed to
cyanide show respiratory distress and organ damage (e.g., liver
pycnosis and brain necrosis) while reducing swimming capacity,
growth, reproductive output and survival (Rubec, 1986; Hanawa
et al., 1998). By being easily observed, the effects of toxicants on
fish swimming capacity, along with qualitative and quantitative
measures of swimming behavior, are commonly monitored in
ecotoxicological studies to evaluate sublethal toxicity in fish
(Little and Finger, 1990; Ramzy, 2014; Calfee et al., 2016). The
combination of such measures with mortality levels provides
an overview of the effects of cyanide poisoning on tropical
fish. Moreover, inter and intraspecific differences in cyanide
tolerance may be anticipated. For example, rates of contaminant
uptake and elimination may be determined by species-specific
and size-specific metabolic rates (Mason, 2002), leading to
different results being recorded according to species and body
size (or life-cycle stage). This size-dependent variability has
already been documented in other fish exposed to cyanide
(Smith et al., 1978; McCraken and Leduc, 1980; Isom, 1993),
as well as to other pollutants (Anderson and Weber, 1975;
Biswas and Kaviraj, 2002; Capkin et al., 2006), highlighting
the importance of addressing size-specific effects of toxicants.
Furthermore, coupling destructive fishing practices like cyanide
fishing to additional anthropogenic pressures like climate change
and pollution most likely exacerbates deleterious physiological
effects that lead to population changes, as previously shown for
corals (Zaneveld et al., 2016) and algae (Russell et al., 2009).
Climate change is especially relevant in this framework, as
tropical sea surface temperature (SST) trends calculated for the
past century already show a warming of 0.8–1.0◦C in the Indo-
Pacific region (Deser et al., 2010). Furthermore, temperature
anomalies projected for 2100 range between +0.9 and +3.3◦C,
depending on RCP (Representative Concentration Pathway)
scenarios provided by the Intergovernmental Panel on Climate
Change (IPCC, 2013, 2019). Factors such as regional variability,
seasonality (dry/wet season) and El Niño Southern Oscillation
(ENSO) also contribute to the variation of current and future SST,
rainfall patterns and convection in tropical regions. Moreover,
ocean isotherms have been shifting significantly in the tropics and
ocean areas in the Indo-Pacific between 29 and 30◦C have had
the largest increase rate (2.29 km× 106 km decade−1) indicating
that the warmest ocean areas are expanding (Lin et al., 2011).
Recently, the Indo-Pacific region has also experienced severe and
extreme marine heatwaves with temperature anomalies of >5◦C
(Hobday et al., 2018), highlighting the increased thermal load
on tropical areas. Such warming is predicted to strongly affect
marine ectotherms, as environmental temperature determines
metabolic rates and aerobic scope (Pörtner and Farrell, 2008),
and defines how organisms respond to other stressors, namely
pollutants. In general, the interactive effects of climatic stressors
and contaminants can be described in two ways, namely (i)
toxicant-induced climate susceptibility or (ii) climate-induced
toxicant sensitivity (Hooper et al., 2013). Elevated temperature
is predicted to intensify sensitivity to contaminants, as it may
increase their uptake and/or elimination (potentially associated
with shifting metabolic rates) and modify their bioavailability
and toxicity (Sokolova and Lannig, 2008). Physiological models
suggest that the impact of elevated temperature will be more
severe in tropical organisms than in temperate ones (Tewksbury
et al., 2008; Vinagre et al., 2016). Small thermal safety margins
and limited acclimation capacity arising from living in a stable
environment seem to be the main factors shaping the reported
vulnerability of tropical organisms (Tewksbury et al., 2008;
Vinagre et al., 2016). Aerobic scope adjustments to meet the
higher energetic demands of a warming ocean will ultimately
determine the performance of organisms and the persistence
of marine populations in future oceans (Pörtner and Knust,
2007). Some tropical reef fish may have the capacity to acclimate
over short- and long-term warming (Donelson et al., 2012;
Madeira et al., 2016), but performance and fitness trade-offs
(locomotion, growth, and reproductive output) are expected
(Sunday et al., 2014; Sandersfeld et al., 2015). Despite the array of
anthropogenic disturbances and the expected loss of coral reefs
and reef associated species (Wilson et al., 2006), to date, the
combined effects of cyanide fishing and ocean warming on reef
fish, two of the major threats to tropical coral reef communities
in the Indo-Pacific region, are still unknown.
The main aim of this study is therefore to evaluate the effects
of cyanide exposure not only under present-day temperatures but
also under ocean warming (+3◦C anomaly predicted for 2100)
and heatwave scenarios (+6◦C). The first objective (Experiment
1) was to make an interspecific assessment of ornamental
pomacentrid reef fish vulnerability to cyanide poisoning. Thus,
eight of the most traded species within family Pomacentridae
(Amphiprion clarkii, Amphiprion frenatus, Amphiprion ocellaris,
Chromis margaritifer, Chromis viridis, Chrysiptera cyanea,
Dascyllus melanurus, and Dascyllus trimaculatus) were subjected
to a pulse exposure of cyanide (following Hanawa et al.,
1998) under current temperature, simulating present-day cyanide
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poisoning conditions. As grazers and symbionts of sea anemones,
these species are ecologically relevant in coral reef communities,
exerting bottom-up control of community structure (Smith
et al., 2010). Species-dependent resistance to cyanide poisoning
was assessed by monitoring swimming behavior (maximum
immobilization and recovery times), as well as mortality levels.
Maximum times of immobilization and recovery were chosen
as proxies for maximum physiological resistance of a species
to cyanide poisoning. Afterward, the most resistant species
was chosen as a model (the clownfish A. ocellaris) for further
resistance testing under a multiple-stressor framework. By
selecting the most resistance species, we aimed to address a
worst-case scenario (if a significant effect can be detected in the
most resistant species, it would be magnified in less resistant
ones). Firstly, different sized fish were pulse exposed to different
cyanide concentrations to test the hypothesis that body size
could determine intraspecific differences in the tolerance to this
toxicant (Experiment 2). Subsequently, the most tolerant size-
class of A. ocellaris (again framing the study under a worst-case
scenario as detailed above) was subjected to a pulse exposure of
cyanide under ocean warming scenarios for 2100 (+3 and+6◦C)
simulating cyanide fishing in future oceans (Experiment 3). We
hypothesize that cyanide poisoning and elevated temperature
have a negative synergistic effect on the performance and survival




All experiments were carried out in accordance with the EU
legislation for animal experimentation (Directive 2010/63/EU).
The protocol was approved by Direção Geral de Alimentação
e Veterinária, Portuguese Ministry of Agriculture, Rural
Development and Fisheries. All fish were euthanized by cervical
transection at the end of the experiments.
Fish Maintenance
Fish were purchased from an international marine aquarium
species wholesaler and a local producer (Opérculo Lda. and TMC
Iberia, Portugal) assuring that specimens either originated from
aquaculture or from geographic locations with no known historic
use of cyanide fishing. Fish were stocked at 26◦C in the supplier’s
facilities, which is considered an average temperature in Indo-
Pacific coral reefs. Size (total length, TL) and wet weight (WW)
were recorded for all specimens upon arrival to the laboratory
using a 0.01 mm precision graduated icthyometer and a 0.01 g
precision scale. Fish were housed in either two 270-L glass
tanks (1.20 m × 0.50 m × 0.45 m) (fish for experiment 1 and
3, in stocking densities of 39 fish.tank−1 and 30 fish.tank−1,
respectively, for each experiment) or nine 90-L glass tanks
(0.60 m× 0.60 m× 0.25 m) (fish for experiment 2, approximately
12–14 fish.tank−1) with an internal circulation pump (Turbelle
nanostream-6025 Tunze, Germany; flow of 2500 L h−1) and
connected to a 125 L sump (1.20 m × 0.35 m × 0.40 m).
The sump was equipped with a biological filter (submerged bio-
balls), a 50 µm mesh bag for mechanical filtration, a submergible
heater (Eheim Jäger 300 W, Germany), a protein skimmer
(Deltec, APF600, Germany) and a submerged pump (Eheim
1262, Germany; flow of 3,400 L h−1). Salinity was kept stable
by using an automatic water level controller (Reef Set, Portugal)
connected to a small water pump that replaced evaporated water
with freshwater purified by reverse osmosis to keep salinity at 35
(salinity was checked daily using a hand refractometer). The fish
maintenance system used seawater prepared by mixing reverse
osmosis water with a synthetic salt mix (Tropic Marine Pro Reef,
Wartenberg, Germany). All fish were fed four times a day until
satiation with a commercial pelleted feed (Hikari Marine S).
Water parameters were maintained within the following optimal
ranges for the species: temperature 26.0 ± 0.5◦C; no detectable
ammonium, nitrite and nitrate; pH 8.0 ± 0.2. Photoperiod was
12 h light: 12 h dark. Nitrogenous compounds were monitored
every week using colorimetric tests (Salifert), while pH was
monitored using a Pinpoint pH meter (PH 370, American
Marine). For further details on life support systems see Rocha
(Rocha et al., 2015).
Experimental Design
Experiment 1: Vulnerability to Cyanide Poisoning in
Eight Species of Indo-Pacific Damselfish
(Pomacentridae)
After 1 week of housing, 9–10 fishes from eight different species,
namely A. clarkii, A. frenatus, A. ocellaris, C. margaritifer,
C. viridis, C. cyanea, D. melanurus, and D. trimaculatus (for
details see Table 1) were randomly divided into groups per species
for cyanide pulse exposure using a hand net. The duration of the
pulse exposure (60 s) was selected according to Hanawa et al.
(1998). A preliminary trial revealed that fish handling with a
hand-net causes no mortality (Vaz et al., 2012).
All groups were exposed to a solution of 50 mg L−1 of CN−
at 26◦C (following previous studies namely Hanawa et al., 1998),
prepared from a stock solution of 2.060 g L−1 of CN−. The stock
solution was prepared by dissolving 2.001 ± 0.001 g of NaCN
(97% purity; Sigma-Aldrich, St. Louis, MO, United States) in
500 mL of ultra-pure water, obtained from a Milli-Q Millipore
system (Milli-Q plus 185). The pulse exposure was divided in
four steps: (1) exposure bath, (2) first cleaning bath, (3) second








Amphiprion clarkii 9 35.00± 0.01 0.90± 0.20
Amphiprion frenatus 9 35.00± 0.02 1.11± 0.15
Amphiprion ocellaris 10 40.00± 0.02 1.57± 0.30
Chromis margaritifer 10 45.00± 0.02 1.58± 0.30
Chromis viridis 10 30.00± 0.01 0.50± 0.05
Chrysiptera cyanea 10 45.00± 0.01 1.57± 0.17
Dascyllus melanurus 10 39.00± 0.04 1.54± 0.34
Dascyllus trimaculatus 10 41.70± 0.03 2.17± 0.40
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cleaning bath and (4) third cleaning bath. In the first step, all
fishes from one species were collected with hand-nets (maximum
of 5 fish net−1, frame 300 mm × 200 mm × 300 mm mesh
bag depth) and dipped for 60 s into a 15-L tank filled with
synthetic seawater dosed with 50 mg L−1 of CN−. After the pulse
exposure all fish from the same species were dipped for 60 s
into a 20-L tank filled with synthetic seawater with no cyanide
(first cleaning bath). This procedure was repeated two more times
(second and third cleaning bath). Overall, this pulse exposure
procedure lasted approximately 240 s with 1 s of air exposure
between baths. During the exposure procedure, immobilization
time was recorded and defined as the time at which the last fish
of a species group stopped swimming, lost equilibrium and rested
motionless in the bottom of the mesh used for the exposure bath,
still showing opercular movements. Following the cleaning baths,
all fish were randomly distributed into aerated 1-L glass jars (1
fish jar−1) filled with 1 L of synthetic seawater for the 96 h toxicity
trial, which followed the parameters (i) the trial was carried out in
a semi-static system, where water was fully replaced every day, (ii)
no food was provided to the fish, following OECD (Organization
for the Economic Cooperation and Development) guideline 203
(OECD, 1992), (iii) the jars were placed inside a water bath
keeping water temperature at 26.0 ± 0.5◦C, (iv) photoperiod
was 12 h light: 12 h dark provided by full spectra (10,000 K)
T5 fluorescent lamps, (v) temperature, salinity, dissolved oxygen,
pH, alkalinity, total ammonia–nitrogen, nitrite and nitrate of
each jar were measured daily with a YSI 85 Model (Yellow
Springs Instruments, Yellow Springs, OH, United States), a pH
100 meter (Yellow Springs Instruments, Yellow Springs, OH,
United States) and colorimetric tests, respectively. Temperature
was maintained at 26.0 ± 0.1◦C, salinity at 35.0 ± 0.1, pH
8.0 ± 0.1, dissolved oxygen concentration at 6.2 mg L−1, nitrite,
nitrate and ammonium were not detectable. Following transfer
to the glass jars, the behavior of all fish was closely monitored
for the first 30 min to record recovery time of normal swimming
activity (recovery time was defined as the time at which the last
fish of a species group reacquired its normal swimming activity,
defined here as swimming in the up-right position, showing self-
righting behavior). Survival was evaluated daily. See Figure 1 for
details. To test if time to immobilization and survival rate were
correlated, a Spearman rank order correlation was carried out in
Statistica (StatSoft, v10) (p < 0.05 for significance).
Experiment 2: Effects of Cyanide Pulse Exposure on
Different Sized Clownfish A. ocellaris
Fish were acclimated for 2 months prior to experiments (in the
conditions described above – see section “Fish Maintenance”).
Following the acclimation period, small sized (n = 60, TL
25.00 ± 0.03 mm; weight 0.30 ± 0.09 g) and medium sized
(n = 60, TL 38.00 ± 0.02 mm; weight 1.12 ± 0.21 g) A. ocellaris
were subjected to cyanide poisoning. The 60 small specimens of
A. ocellaris were randomly divided into 6 groups of 10 fish each
for cyanide (CN−) pulse exposure at six different concentrations
(0, 6.25, 12.5, 25, 50, and 100 mg L−1). The pulse exposure
to CN− was divided into four steps as previously described
(1) exposure bath, (2) first cleaning bath, (3) second cleaning
bath, and (4) third cleaning bath. In the first step, all fish from
the control treatment (0 mg L−1) were collected with a hand-
net and dipped for 60 s into a 5-L tank filled with synthetic
seawater with no cyanide. Afterward, all fish were dipped for
60 s into a 20-L tank filled with synthetic seawater with no
cyanide (first cleaning bath). This procedure was repeated two
more times (second and third cleaning bath). This protocol
was carried out for all fish of the other treatments, increasing
gradually the CN− concentrations (6.25; 12.5; 25; 50; and 100 mg
L−1). During the exposure procedure, immobilization time was
recorded. Following the control test and pulse exposure, all fish
were randomly distributed into 1-L glass jars (1 fish per jar) filled
with 1 L of synthetic seawater for the 96-h toxicity trial (carried
out as described in section “Experiment 1”). The recovery time of
normal swimming activity was determined during the first 30 min
and mortality was evaluated daily (Figure 1).
To validate the test for cyanide toxicity the following
conditions were completely fulfilled: (i) fish were fed 24 h before
the beginning of the test; (ii) at the end of the test, the mortality
recorded in the control treatment (0 mg L−1 of CN−) did not
exceed 10% (or one fish if less than ten were used); (iii) constant
conditions of semi-static procedure were maintained; (iv) a 12 h
of photoperiod was used; (v) no food was administrated to the
fish during the tests; and (vi) a minimum of at least 7 fish was
employed per treatment. Lethal concentrations (96-h LC50) and
their respective confidence intervals (95%) were calculated using
probit analysis tool from Minitab V14 software (Minitab, LLC).
Experiment 3: Isolated and Combined Effects of
Warming and Cyanide Poisoning on the Physiology of
the Clownfish A. ocellaris
Sixty A. ocellaris (TL ≈36.00 ± 0.05 mm; weight 0.94 ± 0.38 g)
were housed for 2 weeks prior to experiments (in the conditions
described above – see section “Fish Maintenance”). Following, all
fish were divided into three different groups and a thermal ramp
(1◦C day−1) was applied to reach the following temperatures:
control 26◦C (stocking temperature at the local supplier facilities,
which is within the thermal range that these species experience
in the wild) and experimental temperatures of 29 and 32◦C. No
fish mortality or shifts in water quality parameters were recorded
during the thermal ramp performed. The chosen thermal ramp
allowed fish to acclimate and prevented sudden heat-shock,
falling within values regularly used in other studies (1–2◦C
day−1) (e.g., Slesinger et al., 2019). The fish were housed at
these temperatures (90-L tanks, n = 20 fish tank−1, 1 tank
temperature−1) for 1 week, provided by 300-W submergible
heater (Eheim Jäger 300 W, Germany). Daily, 50% of the water
volume was changed until the beginning of the experiment.
Afterward, fish at each temperature were randomly divided
into groups of 10 fish for cyanide (CN−) pulse exposure: (T1)
control (no CN− was added) 26◦C; (T2) exposed to a 25 mg
L−1 of CN− at control temperature 26◦C; (T3) exposed to 29◦C
with no CN−; (T4) exposed to a concentration of 25 mg L−1 of
CN− and 29◦C; (T5) exposed to 32◦C with no CN−; and (T6)
exposed to a concentration of 25 mg L−1 of CN− and 32◦C. The
pulse exposure to CN− was carried out in four steps as previously
described (1) exposure bath, (2) first cleaning bath, (3) second
cleaning bath and (4) third cleaning bath. In the first step, all fish
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FIGURE 1 | Experimental design. (A) Experiment 1: vulnerability of damselfish to cyanide poisoning. (B) Experiment 2: effects of cyanide on different sized clownfish,
Amphiprion ocellaris. (C) Experiment 3: synergistic effect of ocean warming and cyanide poisoning on the physiology of the clownfish, Amphiprion ocellaris. Fish
sizes and weights in experiment 1 were (1) Amphiprion ocellaris (n = 10; total length TL ≈ 40.00 ± 0.02 mm, weight 1.57 ± 0.30 g), (2) A. clarkii (N = 9;
TL ≈ 35.00 ± 0.01 mm; weight 0.90 ± 0.20 g), (3) A. frenatus (N = 9; TL ≈ 35.00 ± 0.02 mm; weight 1.11 ± 0.15 g), (4) Chrysiptera cyanea (n = 10;
TL ≈ 45.00 ± 0.01 mm; weight 1.57 ± 0.17 g), (5) Chromis viridis (n = 10; TL ≈ 30.00 ± 0.01 mm; weight 0.50 ± 0.05 g), (6) C. margaritifer (n = 10;
TL ≈ 45.00 ± 0.02 mm; weight 1.58 ± 0.30 g), (7) Dascyllus melanurus (n = 10; TL ≈ 39.00 ± 0.036 mm; weight 1.54 ± 0.34 g), (8) D. trimaculatus (n = 10;
TL ≈ 41.70 ± 0.03 mm; weight 2.17 ± 0.40 g).
from the treatments T1, T3, and T5 were collected with a hand-
net and dipped for 60 s into a 15-L tank (stocking density of 1 fish
per 1.5 L) filled with synthetic seawater with no cyanide (with
the respective temperature). Then, all fishes of treatments T2, T4,
and T6 were collected with a hand-net and dipped for 60 s into a
15-L tank filled with synthetic seawater dosed with 25 mg L−1 of
CN−. After the pulse exposure to cyanide all fish from the same
group were dipped for 60 s into a 20-L tank filled with synthetic
seawater (with the respective temperature) with no cyanide (first
cleaning bath). This procedure was repeated two more times
for all fish from all groups (second and third cleaning bath).
For treatments with no cyanide, the same procedure of cleaning
baths was used. During the exposure procedure, immobilization
time was recorded. Following the pulse exposure, all fish were
randomly distributed into 1-L glass jars (1 fish per jar) filled
with 1 L of synthetic seawater (prepared as described above) and
placed in the corresponding water bath (26 ± 0.1, 29 ± 0.1,
and 32 ± 0.1◦C). Then, recovery time of normal swimming
activity was determined. The 96-h toxicity trial was carried out as
described in previous sections. The jars were placed inside a water
bath keeping water temperatures stable at 26 ± 0.1, 29 ± 0.1,
and 32 ± 0.1◦C. Mortality was evaluated daily (Figure 1). The
conditions to validate this toxicity trial were the same as described
in Section “Experiment 2.”
RESULTS
Experiment 1
Survival of the different Pomacentridae species enduring a pulse
exposure of 50 mg L−1 of CN− under current ocean temperature
(26◦C) varied between 0 and 50%, with only two out of the eight
species tested surviving (50% survival for A. ocellaris and 20%
for C. cyanea, Figure 2A). During exposure, fish showed severe
gasping followed by loss of equilibrium and respiratory arrest.
Species ranking according to decreasing time of immobilization
was D. trimaculatus 40 s, C. cyanea 37 s, D. melanurus 32 s,
A. ocellaris 28 s, A. frenatus 23 s, Chromis viridis 20 s, and
both A. clarkii and C. margaritifer 12 s (Figure 2B). Regarding
the two surviving species, immobilization time was shorter for
A. ocellaris than C. cyanea, whereas recovery time was longer
for A. ocellaris than C. cyanea. Moreover, no relationship was
detected between time to immobilization and survival (Spearman
rank order correlation, n = 8, r = 0.34, p > 0.05). Raw data is
available in Supplementary Table S1.
Experiment 2
Smaller fish displayed a lower survival than medium-sized fish,
especially at concentrations above 6.25 mg L−1, and lower
immobilization times (on average, smaller fish immobilized 7 s
earlier than medium fish, Figures 3A,B). No mortality was
detected in control groups. Moreover, smaller fish took longer
to recover from exposure to cyanide when compared to medium
fish (+6 min, Figure 3C). The lethal concentration of cyanide
(LC50 after 96 h) calculated for smaller fish (average TL 25 mm
and weight 0.30 g) was nearly half of that calculated for medium-
sized fish (Table 2). Neither size class was able to survive
an exposure to a cyanide concentration of 100 mg L−1. In
general, for both size classes, immobilization time decreased
with increasing concentration of cyanide while recovery time
increased with increasing cyanide concentration. Raw data is
available in Supplementary Table S2.
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FIGURE 2 | Effects of cyanide pulse exposure (60 s; 50 mg L-1 of CN-) on the
performance of eight species of family Pomacentridae (n = 9 or 10 individuals
per species), the most traded fish family in the marine aquarium industry.
(A) Survival (%) 96 h post-exposure; and (B) immobilization (s) and recovery
time (min) recorded for each species. Immobilization time is the time at which
the last fish of a species stopped swimming and remained motionless while
recovery time is the time at which the last fish of a species returned to normal
swimming activity. Fish illustrations by DM.
Experiment 3
Cyanide exposure at increased temperatures led to higher
mortality rates, when compared to the same exposure at control
temperature. While there was no mortality in fish subjected to
cyanide (25 mg L−1 for 60 s) at control temperature, in the +3
and +6◦C above present-day scenarios, the pulse exposure to
cyanide led to 40 and 80% mortality, respectively (Figure 4A).
Warming alone induced A. ocellaris mortality only in the +6◦C
above present-day scenario (20% mortality); still, it was lower
than when cyanide and warming were combined. Additionally,
recovery time from cyanide poisoning was longer in the +3 and
+6◦C scenarios (3 and 10 min, respectively) when compared to
control temperature (2 min, Figure 4B). Raw data is available in
Supplementary Table S3.
DISCUSSION
To date, the marine aquarium trade is still supplied with
wild specimens caught in tropical countries using destructive
methods, leading to a persistent and unsustainable wildlife trade
and coral reef degradation. Here we show that the impact of
cyanide poisoning in fish mortality is magnified under elevated
temperatures. A sole pulse exposure of cyanide (50 mg L−1
for 60 s) under current temperature caused increased mortality
(96-h post-exposure) among fishes of the Pomacentridae family,
with only two out of eight species surviving (A. ocellaris and
C. cyanea). A previous study reported lower mortality for the
same exposure conditions in Dascyllus aruanus, but sampled
fish were heavier, with an average weight of 9 g (Hanawa et al.,
1998). Mortality rates reported for fish caught with cyanide
range between 5 and 75% within a few hours of collection and
can reach up to 90% until being offered to hobbyists in retail
stores (Rubec et al., 2001; Wabnitz et al., 2003). Physiological
condition and species-specific metabolic rates (resting, routine,
or maximum metabolic rates, Ikeda, 2016) may be determinant
factors explaining interspecific variation in survival/mortality, as
these determine uptake and elimination rates of contaminants
(Mason, 2002). For instance, juvenile clownfish have a resting
metabolic rate of approximately 1 mg O2 h−1 g WW−1, while
their maximum metabolic rate can reach over 5 mg O2 h−1 g
WW−1 (23–32◦C) (Paschke et al., 2018; Velasco-Blanco et al.,
2019). However, Chromis species can have resting metabolic
rates in the order of 0.2–0.5 mg O2 h−1 g WW−1 and
maximum metabolic rates between 1.5 and 2 mg O2 h−1 g
WW−1 (Johansen and Jones, 2011; Nadler et al., 2016). Adult
specimens of Dascyllus species have been reported to have
resting metabolic rates of around 0.1 mg O2 h−1 g WW−1 and
maximum metabolic rates of around 1.6–2 mg O2 h−1 g WW−1
(Johansen and Jones, 2011). However, other factors may come
into play when analyzing interspecific differences in toxicant
tolerance. While lower metabolic rates could promote cyanide
tolerance (Doudoroff, 1976), protective mechanisms such as
mucus production in clownfish (associated with protection from
host anemone’s sting, Mebs, 2009) could reduce toxicant exposure
and uptake, accounting for a higher resistance (see Reverter
et al., 2018 for a review on fish mucus functions). However,
among the three tested Amphiprion species, only A. ocellaris
survived. Therefore, the hypothesis that mucus production may
protect from this toxicant, needs further and detailed testing
(e.g., amount of mucus produced; molecular, microbiome and
physicochemical profiling of mucus in the different species).
According to studies in fish, cyanide uptake occurs mainly
through the gills, skin and intestinal tract (Eisler, 1991) and the
main proposed detoxification pathways include (i) the reaction of
cyanide with thiosulfate in the presence of rhodanese to produce
thiocyanate, subsequently excreted in urine (ii) conjugation with
cystine to form 2-amino-2-thiazoline-4-carboxylic acid and (iii)
reaction with hydroxocobalamin to form cyanocobalamin (Eisler,
1991). However, cyanide metabolism in marine fishes is still
largely unknown. Thus, studies on cyanide toxicokinetics and
excretion physiology in marine fish are urgently needed to clarify
detoxification pathways and ascertain inter-specific differences in
tolerance and prevalence of cyanide metabolites in marine fish.
Ultimately, species specific regulation and activity of enzymes
involved in detoxification pathways may explain differences in
cyanide tolerance (Madeira and Calado, 2019). In this study,
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FIGURE 3 | Effects of cyanide (CN-) pulse exposure (60 s) on different sized (small 25.00 ± 0.03 mm total length and 0.30 ± 0.09 g weight; medium
38.00 ± 0.02 mm total length and 1.12 ± 0.21 g weight) clownfish Amphiprion ocellaris (A) survival (%) 96-h post-exposure; (B) immobilization time (s); (C) recovery
time (min). Ten small and medium-sized fish were used per treatment. Immobilization time is the time at which the last fish of a treatment stopped swimming and
remained motionless while recovery time is the time at which the last fish of a treatment returned to normal swimming activity.
A. ocellaris showed the greatest survival (50%) but was rapidly
immobilized and had a longer recovery time than the other
surviving species C. cyanea. Thus, immobilization and recovery
time seem unrelated to the actual ability of a A. ocellaris
to survive a pulse exposure to cyanide. It should be noted,
however, that species with longer recovery times (impairment
of normal swimming activity for longer timeframes), such as
A. ocellaris will likely be more vulnerable to predation when
exposed to the poisoning effects of cyanide. Such an effect
should be validated in future studies as the presence of predators
could trigger other functions that could influence the recovery.
Among surviving species, intraspecific variation may be crucial
to determine the ecological success of populations in the
face of change. Such variation may be attributable to genetic
diversity, phenotypic variation, and developmental plasticity
(Forsman and Wennersten, 2016). In this study, smaller fish were
more vulnerable to cyanide exposure than medium-sized fish
supporting the rationale that cyanide toxicity is size-dependent
(Smith et al., 1978; McCraken and Leduc, 1980). Similarly, a
relationship between body size and resistance to stress has been
suggested in other studies using A. ocellaris as a model (Madeira
et al., 2016). In general, rates of contaminant uptake have been
shown to vary with body size in aquatic organisms including
mollusks (Riget et al., 1996) and fish (Merciai et al., 2014).
Size-specific respiration and metabolic rates (related to growth
processes) may explain body size differences in tolerance as the
resistance of fish to cyanide tends to increase with a reduction
of metabolic rate (Doudoroff, 1976). This could explain why
medium sized fish were more resistant to cyanide, as mass specific
metabolic rates tend to decrease as fish grow larger. Interestingly,
studies suggest that processes that affect oxygen uptake and use
in reef fish larvae may impact development and growth as reef
fish larvae have high mass specific metabolic rates (see Hess et al.,
2015). Therefore, future studies should also address if cyanide
tolerance varies along different life-stages, as cyanide strongly
influences cellular respiration (Coppock and Dziwenka, 2015).
The dose-weight ratio in ecotoxicology is based on the
assumption that the target sites of the toxicant are proportional
to body weight (Anderson and Weber, 1975). Other factors
such as surface area to volume ratio (of body and gills,
which change throughout development and affect absorption),
internal diffusion distances, ratio of brain to body weight (if the
toxicant affects neural function, like cyanide, see Pandey, 2014),
development of homeostatic and detoxification mechanisms and
development of the immune system have been proposed to
explain variation in age or size-dependent sensitivity to toxicants
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TABLE 2 | Lethal concentration for 50% of fish population (LC50, mg L−1) when
exposed for 96 h to cyanide (CN−) and respective 95% confidence limits and
Pearson goodness-of-fit in small (25.00 ± 0.03 mm total length and 0.30 ± 0.09 g
weight) and medium sized (38.00 ± 0.02 mm total length and 1.12 ± 0.21 g
weight) Amphiprion ocellaris.





Small 28.45 (20.17–36.72) 0.320
Medium 50.00 (46.76–53.24) 0.828
(Anderson and Weber, 1975; Mohammed, 2013), possibly also
explaining interspecific differences. Nevertheless, this may not
be a general trend, as other authors observed no size-dependent
differences in tolerance to cyanide [see Doudoroff (1976) for
a review]. The 96-h LC50 values in this study ranged between
28,450 and 50,000 µg L−1 of CN− depending on fish size, while
for other marine fish the 96-h LC50 reported values ranged from
30 to 285,000 µg L−1 depending on cyanide form (iron-cyanide
complexes being the least toxic) and life stage (Pablo et al., 1997;
Dung et al., 2005).
The coupling of cyanide fishing with other anthropogenic-
related pressures holds the potential to induce further stress in
fish populations. Accordingly, cyanide poisoning caused higher
mortality rates under ocean warming and heat wave scenarios,
when compared to control temperature. Tropical reef fishes from
Sulawesi (Indonesia), a well-known source of marine ornamental
species, are reported to have Critical Thermal Maxima at
temperatures ∼7◦C above current average water temperatures
in the Indo-Pacific (Eme and Bennett, 2009). Accordingly,
acclimation capacity to temperatures between 26 and 30◦C
has been previously reported for A. ocellaris, even though a
cellular stress response onsets at 30◦C (Madeira et al., 2016).
Beyond this temperature stress levels are too high, as supported
by the 20% mortality at 32◦C (+6◦C simulation) and are
clearly exacerbated by cyanide pulse exposure (leading to 80%
mortality). Moreover, recovery time from cyanide poisoning
was longer in both warming and heatwave scenarios when
compared to control temperature leaving A. ocellaris more
vulnerable to factors such as predation in the wild, as already
documented for other fish (Eisler, 1991). Evidence thus suggests
that sub-lethal dosages of cyanide become lethal in warming
scenarios, being legitimate to assume that cyanide and warming
have negative synergistic effects on fish. Such results may be
explained by the stressors’ mode of action, as similar modes
of action should result in either synergistic or antagonistic
effects. Loss of performance under increasing temperatures is
known to be caused by tissue hypoxemia due to a reduction
in water dissolved O2, as well as the mismatch between oxygen
supply and demand, defining the window of aerobic scope
(Pörtner, 2010). Changes in mitochondrial density/efficiency and
acclimation of oxygen transport capacity, as well as metabolic
adjustments, have been proposed as crucial mechanisms in
the thermal acclimation process (Pörtner, 2002). Reduced
aerobic performance signs the onset of thermal stress in fish
and is followed by the induction of cellular stress responses
such as heat shock proteins and antioxidants (Pörtner, 2010;
Madeira, 2016) in an attempt to promote survival in thermally
challenging conditions. Such mechanisms likely explain the
increased mortality levels observed in fish exposed to +6◦C
and fish concomitantly exposed to cyanide and warming.
Moreover, temperature-dependent effects on metabolic rates
and consequently contaminant uptake and elimination are
also expected (Sokolova and Lannig, 2008). As temperature
increases, so does metabolic rate and ventilation, increasing
toxicant uptake. Additionally, sensitivity of fish to cyanide
poisoning increases at low oxygen concentrations (Doudoroff,
1976), which are prevalent in warmer waters. The decreased
O2 supply to tissues due to warming, coupled to decreased
heart performance (Sawyer and Heath, 1988) and the inhibition
of mitochondrial respiration rates by cyanide, leads to a
narrowing of aerobic scope that decreases upper thermal
limits and restricts the amount of aerobic ATP available to
FIGURE 4 | Effects of cyanide pulse exposure (25 mg L-1 for 60 s) and elevated temperature (+3 and +6◦C above control) on tropical reef clownfish (Amphiprion
ocellaris) (A) survival (%) 96-h post-exposure; and (B) immobilization time (s) and recovery time (min). Fish solely exposed to elevated temperature were not tested
for these parameters. Ten fish were used per treatment. Immobilization time is the time at which the last fish of a treatment stopped swimming and remained
motionless while recovery time is the time at which the last fish of a treatment returned to normal swimming activity.
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tissues. Exacerbated tissue hypoxemia under ocean warming and
cyanide poisoning could thus increase anaerobic metabolism and
cellular damage (e.g., protein denaturation). The need to activate
cellular stress response mechanisms and detoxification pathways
may also increase energy demand and depletion of energetic
reserves under toxicant and elevated temperature exposure,
resulting in increased metabolic costs for organisms (Sokolova
and Lannig, 2008). Since fish cannot maintain long-term survival
based on anaerobic energy production due to deleterious acidosis
(Pörtner and Knust, 2007), mortality levels can be magnified.
Such hypotheses should be further investigated by measuring
oxygen consumption rates, mitochondrial aerobic capacity, and
tissue lactate accumulation.
Besides the physiological effects of cyanide and reported
population declines associated with destructive fishing in
reef fish (Sadovy and Vincent, 2002), exposure of reef
structuring organisms like corals to cyanide poisoning leads
to outbreaks of bleaching and mortality (Cervino et al.,
2003). Moreover, dissociation of the symbiotic relation with
zooxanthellae, photosynthesis inhibition, lowered calcification
rates via inhibition of carbonic anhydrase and long-term cellular
impairments were reported in several coral species after exposure
to cyanide (Cervino et al., 2003). Cyanide concentrations used by
fisherman in squirt bottles can be as high as 1,400–120,000 mg
L−1 (Pet and Djohani, 1999; Cervino et al., 2003), values that
are much higher than those needed to induce coral and fish
mortality (Cervino et al., 2003). As loss of coral reef habitat and
consequent secondary loss of species and biodiversity proceeds
(Don McAllister et al., 1999), fishers move to more pristine
areas continuing habitat destruction (Cervino et al., 2003). These
practices coupled to the targeting of spawning aggregations of
reef fish for capture (Sadovy and Vincent, 2002) will undoubtedly
lead to loss of reef communities and magnify environmental
and societal impacts under global change scenarios, as southeast
Asian populations mostly depend on fisheries for food and source
of income (FAO, 2014). Despite growing evidence that coral
reef fisheries cannot sustain commercial exports without cautious
controls (Sadovy and Vincent, 2002), governmental agencies have
failed to eradicate destructive fishing from the Indo-Pacific region
(National Intelligence Council, 2016). Under this framework,
we conclude that if CO2 emissions follow business-as-usual
trends, destructive fishing practices such as the use of cyanide
poisoning will become even deadlier and depict a major problem
in tropical coral reef ecosystems. Efficient conservation measures
and collaborative governance are of the upmost importance.
The implementation of more sustainable fishing practices (e.g.,
provide training on the use and access to fine-mesh barrier nets),
traceability protocols and certification (Cohen et al., 2013) is
urgently needed to promote present-day and future sustainability
of tropical fisheries in a changing ocean.
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